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Axion insulator is an exotic magnetic topological insulator with zero Chern number but a nonzero
quantized Chern-Simons magnetoelectric coupling. A conclusive experimental evidence for axion
insulators is still lacking due to the small signal of topological magnetoelectric effect (TME). Here
we show that the dynamical magnetoelectric coupling can be induced by the out-of-plane surface
magnetization dynamics in axion insulator thin films, which further generates a polarization current
in the presence of an external magnetic field in the same direction. Such a current is finite in the
bulk and increases as the film thickness d decreases, in opposite to TME current which decreases as
d decreases. Remarkably, the current in thin films at magnetic resonance is at least ten times larger
than that of TME, and thus may serve as a smoking gun signature for axion insulators.
The search for new topological phenomena has become
an important goal in condensed matter physics [1–3].
The intricate interplay between topology and magnetism
could generate a variety of exotic quantum states [4, 5].
One interesting example is axion insulators (AI), which
are magnetic topological insulators (TI) with zero Chern
number but a nonzero quantized Chern-Simons magne-
toelectric coupling [6–29]. The simplest AI is obtained in
three-dimensional (3D) TIs with a surface gap induced
by a hedgehog magnetization while preserving the bulk
gap [6, 13]. The unique signature of AI is the topo-
logical magnetoelectric effect (TME) [6, 30–32], where a
quantized polarization is induced by a parallel magnetic
field. Such an electromagnetic response is described by
the topological θ term Lθ = (θ/2pi)(e2/h)E · B [6, 33],
together with the ordinary Maxwell Lagrangian. Here E
and B are the conventional electromagnetic fields inside
the insulator, e is the elementary charge, h is Plank’s con-
stant, θ is the dimensionless pseudoscalar axion field [34].
From the effective action with an open boundary con-
dition, θ = pi in AI describes a half-quantized surface
anomalous Hall conductance, which is the physical origin
of TME and leads to the image magnetic monopole [35]
and topological magneto-optical effect [36–38]. However,
no experimental confirmation of TME has been achieved
due to the small TME current. AI also exhibits the zero
Hall resistance with a large longitudinal resistance [13],
which has been experimentally observed in AI candidates
such as ferromagnet-TI-ferromagnet (FM-TI-FM) het-
erostructure [15–17] and MnBi2Te4 [27, 28]. However,
the zero Hall resistance can also exists in trivial insula-
tors and is not conclusive. Therefore, seeking a testable
transport signature for AI is still an open question.
One of the most intriguing physical phenomena driven
by the topological term is the electromagnetic effect via
the dynamics of θ (i.e., ∂tθ). So far, axion polariton [14]
and axion instability [39] have been proposed under a
nonzero ∂tθ, whose dynamics is caused by magnetic fluc-
tuations in bulk materials with breaking time-reversal T
and inversion P symmetries. Quite differently in 3D AI,
θ = pi is static, and to the linear order, the magnetic fluc-
tuations has no contributions to the dynamics of axion
field [21, 40].
In this Letter, we demonstrate that the out-of-plane
surface magnetization dynamics could induce a dynam-
ical magnetoelectric coupling in AI 2D thin films, this
further generates a current which is much larger than
TME current at magnetic resonance. Interestingly, such
a current is finite in the bulk and increases as the film
thickness d decreases, which perfectly fits with AI phase
of limited d in experiments. The idea can be understood
from the response current density by the θ term,
j =
e2
2pih
[∇θ ×E+ ∂tθB] , (1)
where ∂tθ could induce a polarization current in gapped
systems and can be regarded as a kind of chiral mag-
netic effect [41–46]. The previous studies on finite-size
effect of TME demonstrates (1− θ(d)/pi) ∝ 1/d, where
the hybridization between the top and bottom surface
states deviates θ from quantization [13, 47]. We envis-
aged that the hybridization and thus θ depend on the
surface state exchange gap from the out-of-plane surface
magnetization Mz in thin films, which is confirmed by
numerical calculations. Therefore ∂tθ can be driven by a
time-dependent Mz from magnetic resonance.
θ vs Mz. First we examine theoretically the depen-
dence of θ on the surface Mz in the AI films. For AI
films such as FM-TI-FM heterostructure and MnBi2Te4
with a finite thickness along z axis, the linear ME re-
sponse is diagonal but anisotropic, namely αzz 6= α‖ [47].
Here αzz and α‖ are the perpendicular and parallel com-
ponents of the magnetoelectric susceptibility tensor αii
which relates polarization and magnetic field according to
Pi = −αiiBi, and magnetization and electric field corre-
spondingly, i = x, y, z. To avoid confusion, we are inter-
ested only in the orbital magneoelectric polarizability [6–
8] with topological character in αii. The TME response
can be directly calculated with the Kubo formula [13, 47]
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FIG. 1. (Color online) (a) Illustration of the electric currents
jxE and j
x
D, induced by an ac magnetic field B
x
2 cos(ωt) and
a dc field Bx1 . j
x
E and j
x
D are induced by ∇θ and ∂tθ, re-
spectively. (b) Ne´el-type and (c) FM-type oscillations from
magnetic resonance in different configurations. The antipar-
allel magnetization along ±z axis on top and bottom layers
now tilt along z′ and z′′.
and is defined as the pseudosclar axion part
θ
2pi
e2
h
=
1
3
(
2α‖ + αzz
)
. (2)
The generic Hamiltonian of AI thin films is written
as H2D(k) =
∫ d/2
−d/2 dzH3D(k, z). k ≡ (kx, ky) and we
impose periodic boundary conditions in both x and y di-
rections. The physical effect discussed here are generic
for any AI thin films and do not rely on a specific
model. For concreteness, we adopt the effective Hamil-
tonian in Ref. [21] to describe the low-energy bands of
MnBi2Te4 (which is the same for FM-TI-FM heterostruc-
ture). The material consists of Van der Waals cou-
pled septuple layers (SL) and develops A-type antifer-
romagnetic (AFM) order with an out-of-plane easy axis,
which is FM within each SL but AFM between adja-
cent SL along z axis. The θ = pi in bulk MnBi2Te4 is
protected by P and a combined symmetry S ≡ T τ1/2,
where τ1/2 is the half translation operator along z axis.
In even SL film, T ,P are broken and thus θ 6= pi.
H3D(k, z) = ε1⊗ 1 + d1τ1 ⊗ σ2 − d2τ1 ⊗ σ1 + d3τ3 ⊗ 1−
∆(z)1 ⊗ σ3 − iA1∂zτ1 ⊗ σ3. Here τj and σj (j = 1, 2, 3)
are Pauli matrices, ε(k, z) = −D1∂2z + D2(k2x + k2y),
d1,2,3(k, z) = (A2kx, A2ky, B0 − B1∂2z + B2(k2x + k2y)),
and ∆(z) is the z-dependent exchange field along z axis.
The exchange field in the xy plane will not affect the top
and bottom surface gap and thus is neglected here. We
assume ∆(z) takes the values ±∆s in the top and bottom
layers due to antiparallel magnetization, respectively, and
zero elsewhere. Explicitly, ∆s = gMMz, where exchange
coupling parameter gM is assumed to be positive and the
same on both surfaces for simplicity. All other parame-
ters are taken from Ref. [21] for MnBi2Te4 (and similar
results in Bi2Te3 family materials).
Fig. 2(a) shows the numerical calculations of θ(d) as
a function of 1/d for different values of ∆s. The value
of 1 − θ(d)/pi scales linearly with 1/d as the thickness
d→∞, while the coefficients depends on ∆s, namely
1− θ(d)
pi
=
β(∆s)
d
+ o
(
1
d2
)
. (3)
Here o(1/d2) denotes the higher order terms characteriz-
ing the deviation from 1/d scaling at small d. Fig. 2(b)
shows θ(d) is a monotonically increasing function of ∆s
for thin films of 2, 4, 6, and 8 SL. This is consistent with
the fact that TME response is from the massive Dirac sur-
face states, and hybridization between the top and bot-
tom surface states partially cancels each others’ contribu-
tions to TME, which further deviate θ from quantization.
Thus the reduced hybridization from increased ∆s will
lead θ closer to quantization. Fig. 2(c) shows the coeffi-
cient β decreases linearly as ∆s increases. Fig. 2(d) shows
the numerical calculations of η ≡ (d/pi)(∂θ/∂∆s) as a
function of ∆s. The value of η deviates from −∂β/∂∆s
for thin films charactering the contribution from o(1/d2)
term in Eq. (3), and η → −∂β/∂∆s quickly converges for
thick films such as 8 SL. From Eq. (3), we get
∂tθ(d) = piηgM∂tMz/d. (4)
Therefore, ∂tθ indeed can be driven by the dynamics of
Mz on surfaces, but it vanishes when d → ∞. Eq. (4)
implicitly requires the top and bottom surfaces having
opposite Mz. Here we point out that the dynamical mag-
netoelectric coupling in AI films is due to the finite-size
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FIG. 2. (Color online) (a) Finite-size effect of TME. θ(d)/pi
vs 1/d with different typical values of ∆s. A large deviation
from 1/d scaling happens when d is small. (b) θ/pi vs ∆s for
different thickness 2, 4, 6, 8 SL. (c) β vs ∆s. (d) η vs ∆s.
The value of dashed line is −∂β/∂∆s.
3effect and vanishes in the bulk, it is essentially different
from that in topological AFM materials caused by the
bulk magnetic fluctuations which is finite as d→∞ [14].
jE vs jD. Now we study the response current from
the spatial and temporal gradient of θ in Eq. (1). They
are the two sides of same coin demonstrating TME. Con-
sidering the process of applying a uniform external dc
magnetic field Bx1 xˆ and ac field B
x
2 cos(ωt)xˆ of frequency
ω/2pi in Fig. 1(a). The oscillating Bx2 can induce a non-
uniform electric field along y due to the Faradays law:
E(t, z) = −ωBx2 sin(ωt)zyˆ with z = 0 set at the middle
of the AI layer. From the first term in Eq. (1), this further
induces a Hall current density jxE = (∂zθ/2pi)(e
2/h)zˆ×E.
Thus the integration over z gives the TME current den-
sity in 2D
JE = J xE xˆ = (θ/2pi)(e2/h)ωdBx2 sin(ωt)xˆ, (5)
whose amplitude is proportional to θ and limited by d.
Here d is maximally 10 nm in experiments to ensure the
full insulating state [15–17, 27, 28]. For an estimation,
with typical parameters Bx2 = 5 G, ω/2pi = 7 GHz, d =
5.6 nm, θ/pi ≈ 0.7 (finite-size effect taken into account as
in Fig. 2), and `y = 500 µm (the length of film along y),
the amplitude of TME current is IxE = |max(J xE)|`y =
0.83 nA, which is quite small to be measured.
Meanwhile, the surface magnetic moments are tilted
away from ±z axis by Bx1 , and Bx2 induces an oscillating
Mz with a same frequency. One can decompose Mz into
the static and dynamical parts as Mz = M
z
0 +δMz(t). In
this configuration as shown in Fig. 1(a), the top and bot-
tom surfaces have opposite δMz(t), which can be dubbed
as Ne´el-type oscillation. Thus the 2D current density JD
induced by ∂tθ is
JD = J xDxˆ =
e2
2h
ηgM∂tδMz (B
x
1 +B
x
2 cos(ωt)) xˆ, (6)
whose amplitude is proportional to η and thus increases
as d decreases, in sharp contrast to JE which decreases
as d decreases. Strikingly, even though ∂tθ vanishes when
d → ∞, the induced 2D current density JD is finite in
the bulk and is independent of d when d is large enough.
There are ω and 2ω components in J xD, which are pro-
portional to Bx1 and B
x
2 , respectively. In particular, for
finite films, the 2ω component J xD(2ω)/J xE = δθ/θ < 0.1,
with δθ ≡ (∂θ/∂∆s)gMδMz the oscillating part in θ due
to δMz, which is maximized at the resonant frequency of
the FM layer. δθ/θ is on the order of 0.01 ∼ 0.1 as calcu-
lated in Fig. 3(d). Therefore, J xD(2ω) can be neglected.
In the following we focus on only J xD(ω).
FMR induced δMz. First we consider the dynamics
of Mz induced by FM resonance (FMR) in FM-TI-FM
heterostructure. The tilted magnetization is along z′
(z′′), where the angle between z′ (z′′) and x axis is ϕ
as shown in Fig. 1(b). cosϕ = Bx1Ms/2K, Ms = |M|
is the saturation magnetization, K is the effective uni-
axial anisotropy. Here we consider ϕ 6= 0 to ensure it
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FIG. 3. (Color online) FMR. (a) The FMR frequency ω0/2pi
vs Bx1 . (b) The resonant amplitude of I
x
D = |max(J xD)|`y
at FMR vs Bx1 for 2, 4, and 8 SL. (c) The response of I
x
D
amplitude as a function of scanning Bx1 for 4 SL, with the
microwave field frequency fixed at ω/2pi = 7 GHz. (d) δθ/θ
vs Bx1 . Here K = 2×104 J/m3, Ms = 105 A/m, α = 5×10−3.
is always in AI phase. The two FM layers are decou-
pled, and the magnetization dynamics governed by the
Landau-Lifshitz-Gilbert (LLG) equations [48, 49] for two
FM layers under the same Bx2 (t) have the same form. For
simplicity, we assume the damping constant and Ms are
the same in two FM layers. The equation can be solved
by linearization [48, 50], and the steady solution of δMz
at FMR is given by
δMz =
γω1B
x
2Ms sin 2ϕ
2αω0 (2ω1 − γBx1 cosϕ)
sin(ω0t), (7)
where γ = γ0/(1 + α
2), γ0 = 2e/(2me) is the gyro-
magnetic ratio of an electron, α is dimensionless Gilbert
damping constant, ω0 =
√
ω1(ω1 − γBx1 cosϕ) is reso-
nance frequency, ω1 = γ(B
x
1 cosϕ+ 2K sin
2 ϕ/Ms). Ob-
viously, δMz 6= 0 when ϕ 6= pi/2. The adiabatic approx-
imation always holds, for the energy scale of the typical
FMR frequency range ω0/2pi = 1 ∼ 10 GHz is much
smaller than the surface magnetic gap. Then the 2D
current density J xD at FMR is
J xD =
e2
2h
γBx1B
x
2 ηgMMsω1 sin 2ϕ
2α (2ω1 − γBx cosϕ) cos(ω0t). (8)
With a fixed microwave frequency ω, one can scan the
field strength of Bx1 to achieve FMR. The resonant fre-
quency of the FM layer ω0 versus B
x
1 is calculated in
Fig. 3(a), where ω0 = 0 represents the magnetization is
just tuned to be in-plane, namely ϕ = 0. With similar
typical parameters Bx2 = 5 G, d = 5.6 nm, `y = 500 µm,
and α = 5 × 10−3 in FM [51], then the estimated am-
plitude of IxD versus B
x
1 is shown in Fig. 3(b), where the
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FIG. 4. (Color online) AFMR. (a) Two branches of AFMR
frequency ωA/2pi vs B
x
1 . (b) The amplitude of I
x
D at AFMR
in the ωA2 branch vs B
x
1 for 4, 6, and 8 SL, and that in the
ωA1 branch almost vanishes (not shown).
maximum value is about 12 nA, in the range accessible
by transport experiments.
We compare the ratio between the amplitudes of J xD
and J xE as R ≡ |max(J xD)/max(J xE)| = (δθ/θ)(Bx1 /Bx2 ).
With δθ/θ ≈ 0.01 ∼ 0.1, and Bx1 = 0.1 ∼ 0.4 T, the
ratio is approximately R ≈ 101 ∼ 102. Thus the current
induced by magnetic dynamics at FMR is the dominant
contribution. Importantly, it is larger in thin film than
that in thick one, which fits well with the experimental
condition of limited d. Moreover, TME vanishes for the
thin films of trivial insulating states (bulk θ = 0) without
topological surface states. Therefore, IxD can be used to
distinguish the AI from a trivial insulator experimentally.
AFMR induced δMz. Then we study ∂tMz induced
by AFM resonance in AI such as MnBi2Te4. This is the
the simplest bipartite collinear AFM, where the mag-
netic dynamics of the surface Mz is governed by the LLG
equations by including the exchanging coupling term be-
tween neighboring SL due to the intrinsic magnetism.
The tilted magnetization is along z′ (z′′) with the angle ϕ
between z′ (z′′) and x, but now cosϕ = Bx1 /(4BE+2BA),
BE ≡ JAMs and BA ≡ K1/Ms are the exchange field
and anisotropy field, respectively. The equations can be
solved by linearization and numerically [50]. For an esti-
mation, take exchange coupling JA = 0.55 meV, effective
anisotropy field K1 = 0.22 meV [52, 53], α = 5 × 10−3,
Ms = 2× 105 A/m, Bx2 = 5 G, the AFMR frequency ωA
vs Bx1 is shown in Fig. 4(a). The two branches ω
A
1 and ω
A
2
represents the resonance from AFM and FM components,
respectively. The estimated IxD amplitude is calculated
in Fig. 4(b), where the maximum value is about 100 nA
in ωA2 branch, and is negligible in ω
A
1 branch. Then the
ratio between J xD and J xE is about R ≈ 1 ∼ 20. There-
fore, the dynamical current at AFMR is about one order
of magnitude larger than TME current.
Different configuration. Then we discuss a different
configuration where the ac magnetic field By2 is applied
along y axis, but keeping the dc field Bx1 along x axis.
The top and bottom surfaces now have the same oscillat-
ing δMz(t) induced by B
y
2 for both FMR and AFMR [50],
and can be dubbed as FM-type oscillation. To quantify
how the same δMz(t) affect δθ, we calculate θ versus δ∆s,
where ∆(z) takes the value ∆s + δ∆s and −∆s + δ∆s
on the top and bottom layers, respectively. We find θ al-
most unchanged by varying δ∆s, specifically, δθ/θ is 10
−3
smaller compared to that from Ne´el-type oscillation [50].
Therefore, J xD almost vanishes compared to J yE in the
new configuration, which provides another testable sig-
nature for our theory.
Discussion. We have demonstrated an intimate rela-
tions between surface magnetization dynamics and dy-
namical magnetoelectric coupling in AI thin films, which
could further generate a measurable polarization current
but is absent in trivial insulators. Our theory is funda-
mentally different from the pseudo-electric field induced
current discussed in Ref. [54]. In Ref. [54], the current
is from the first term in Eq. (1), where pseudo-electric
field is induced by in-plane magnetization dynamics and
is maximized when magnetization is oscillating around z
axis; while in our case, the current is from the second
term in Eq. (1), where ∂tθ is driven by the out-of-plane
surface magnetization dynamics and is maximized when
magnetization is tiled away from z axis. Also, the cur-
rent in Ref. [54] is proportional to θ, which decreases as
d decreases similar to TME current; while thickness de-
pendence of the current in our case is just the opposite,
namely, the current increases as d decreases. Moreover,
the dynamical magnetoelectric coupling in AI thin films
is from the finite-size effect, which cannot exist in triv-
ial insulators. It is also essentially different from the dy-
namical axion field induced by magnetic fluctuations [14],
which can exist in 3D T ,P-broken insulators, regardless
of topological or trivial.
It is worth mentioning that if the top and bottom
layers has opposite exchange coupling parameters, only
parallel magnetization realizes AI. Then the dynamical
current is largest from FM-type oscillation, and almost
vanishes due to Ne´el-type oscillation. Recently, FMR
has been realized in FM-TI heterostructure [51], together
with the experimental observation of zero Hall plateau in
FM-TI-FM heterostructure [15–17] and MnBi2Te4 even
SL [27, 28], making the realization of the dynamical mag-
netoelectric current predicted here in AI films feasible.
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